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framework will support ongoing optimization of classification methods to complement 48 rapidly evolving short-amplicon sequencing and bioinformatics technologies. Static 49 versions of all of the analysis notebooks generated with this framework, which contain all 50 code and analysis results, can be viewed at http://bit.ly/srta-012. 51 52   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 ecology, transforming our understanding of complex microbial ecosystems ranging from 55 our bodies(1) to our planet(2). Sequencing 'universal' marker genes (e.g., bacterial 16S 56 rRNA and fungal internal transcribed spacer (ITS) amplicons) and comparing those 57 sequences to annotated reference sequences allows complex biological communities to be 58 characterized taxonomically. Many taxonomic classification algorithms have been 59
developed, but different methods can provide markedly different results, even when the 60 same query sequences and reference database are used(3). 61
62
The problem of taxonomic classification of marker genes is described as follows. Given a 63 short, possibly error-containing, fragment of a marker gene, the goal is to determine the 64 taxonomy of the organism from which that gene was derived with the greatest possible 65 taxonomic specificity. Accurate and specific taxonomic assignment of these reads is 66 essential for many -but not all -aspects of microbiome analysis, but currently used 67 methods have not been optimized on "modern" datasets (e.g., short-amplicon sequencing 68 reads, here we used reads varying in length from 100-250 bases as described in 69
Supplementary Table 1) . 70
71
Introducing a new taxonomy classification method requires benchmarking against pre-72 existing methods to determine whether the new method is more computationally efficient 73 5 (e.g., faster and/or smaller memory requirements) and/or better than other methods (e.g., 74
yields more specific taxonomic assignments and/or more sequences accurately classified). 75
When comparing a new method to existing methods, developers must: 76 ○ identify and obtain test datasets; 77 ○ develop an evaluation framework; 78 ○ obtain and install pre-existing taxonomic assignment software; and 79 ○ determine the parameters to benchmark against in the pre-existing 80 taxonomic assignment software. 81
These steps are fundamental to any methods development project, but all are subject to the 82 developers' decisions and biases. Additionally, because the test data and evaluation 83 framework are often not published, when a subsequent method is introduced all of these 84 steps must be repeated by its author. This results in duplicated effort and inconsistent 85 evaluation metrics, such that method benchmarks are often not directly comparable. Each 86 new method is evaluated with a new, custom benchmarking pipeline. 87
88
To address these needs, we developed a computational framework for evaluating 89 taxonomic classifiers using standardized public datasets (Figure 1) , and used it to compare 90 the performance of existing and newly developed taxonomy-classification methods. This 91 framework will be easily applied to new methods in the future by any bioinformatics 92 method developer. Here we apply the framework to compare the performance of four 93 marker-gene-agnostic taxonomy classifiers (i.e., those that can be trained on a reference 94 database of any marker gene). Two of these are pre-existing classifiers, the RDP Classifier 95   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 PrePrints 6 (4) (version 2.2) and QIIME's legacy BLAST-based classifier (version 2.2.22) (5, 6), which 96 uses the MegaBlast parameter setting (-n T) and assigns the taxonomy of the single top 97 BLAST hit. The other two classifiers are based on UCLUST (version 1.2.22q) (7) and 98 SortMeRNA (8) (version 2.0 29/11/2014), which are newly implemented in QIIME and 99 evaluated here for the first time. All of these are heuristic approaches to taxonomic 100 classification. 101
102
Our framework is available on GitHub at https://github.com/gregcaporaso/short-read-tax-103 assignment and was used to generate all analysis results and figures in this paper (with the 104 exception of the schematic in Figure 1 ). To illustrate the extensibility of our framework, we 105 performed a subset of the analyses using the mothur (version 1.35.1) implementation of 106 the RDP Classifier, and provide detailed descriptions in the GitHub repository of the steps 107 we took to add this classifier that will provide users with a clear example of how to 108 evaluate other classifiers. We executed this framework on the QIIME 1.9.0 Amazon Web 109 Services (AWS) virtual machine image, making the full analysis easily reproducible (see the 110 repository's README.md file). This approach is similar to that taken in several recent 111 "executable papers" (9-11) (also see http://www.executablepapers.com/). 112
Standardized and extensible evaluation of taxonomic classifiers

114
Our evaluation framework differs from others that we are aware of in that it can be reused 115 to support standardized and extensible evaluation of taxonomic classifiers. In this context, 116
we consider a standardized evaluation framework to incorporate a consistent and 117 appropriate set of metrics, defined in the same way (e.g., specificity, sensitivity, accuracy) 118 with sufficient unit testing (for a discussion of unit testing, see (12) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The first is an adaptation of SortMeRNA (8), and the second is based on UCLUST (7) (see 184 methods for more details on code, the taxonomic assignment algorithms, and data 185 availability). 186
187
Performance of classifiers on bacterial and fungal mock communities in the reference database (as in a cross-validation scheme, referred to as "partial reference" 218 classification, so the query sequences would not be included in the reference database) or 219 sequence representing a specific taxonomic group (e.g., a species) was removed from the 238 reference database, it was no longer possible to classify that organism at that taxonomic 239 level, but only at higher taxonomic levels (e.g., its genus). On average, the approximate 240 fraction of species represented in the full database were not represented in the partial 241   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 classifications yielded the best F-measure scores for bacterial communities; RDP and 246 mothur tied as best for fungal communities (Table 1) . Using the full reference database, 247
UCLUST yielded best precision, recall, and F-measure scores for full-length simulated 248 communities, while SortMeRNA performed best for 100-nt simulated reads (Table 1) . 249
250
Classifier parameter optimization is essential performance, and performed best with slightly reduced similarity thresholds (s= 0.8 for 259 both). Only BLAST was relatively unaffected by different parameter configurations (in this 260
case, e-values, which in experiments performed on a subset of test data due to practical 261   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 total sequences of 302 ± 88 nt (mean ± SD)). This tells us how long it takes to assign 271 taxonomy to the first query sequence, and therefore provides a measure of time needed to 272 index the reference. To measure the effects of query sequence count on runtime, increasing 273 numbers of query sequences (up to 998,300 total sequences of 302 ± 88 nt (mean ± SD)) 274 were classified using the same reference sequence database. Since database indexing is 275 included in all of these steps, we care most about the slope of the line and very little about 276 the y-intercept (which represents how long the database takes to index, and is typically a 277 process that can be performed once and the index re-used). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Applying the framework to other classifiers 290 To illustrate the process of evaluating a "new" method in our framework, we tested the 291 performance of the mothur classifier (a commonly used implementation of the RDP 292 Classifier). We adapted one of our IPython Notebooks to generate taxonomic assignments 293 using mothur 1.35.1, and then performed all of the simulated data analyses using mothur 294 with small modifications to the evaluation notebooks. This analysis very clearly illustrates 295 that the mothur classifier achieves nearly identical results to the RDP Classifier, as would 296 be expected. These data are presented in Tables 1-2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Here we show that after parameter optimization, classification methods perform similarly 316 for assigning taxonomy from phylum to family level, but performance decreased to 317 different degrees for all methods at genus and species levels. This reflects the limitations of 318 accurately classifying short marker-gene sequences, but indicates that some 319 methods/configurations (detailed below) are superior for handling short reads. Using 320 longer read lengths and less conserved marker genes, these performance differences may 321   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 communities, but these would in turn enrich our growing database of mock communities, a 370 public asset that will support ongoing improvements in sequence analysis techniques, and 371 could easily be added to the framework. 372
373
The optimal methods for taxonomic assignment of a given marker gene or sequencing 374 technology is unlikely to generalize across marker genes or sequencing technologies. The 375 evaluation framework used here is not specific to a single marker gene, but instead 376 provides immediately applicable information for optimizing taxonomic assignment of 16S 377 and ITS sequences generated on the Illumina platforms, and can be adapted to the rapidly 378 evolving needs of the next-generation sequencing community. The evaluation framework 379 (Figure 1) facilitates iterative re-evaluation of these conditions as new classification 380 methods, sequencing read lengths, marker-gene targets, and sequencing chemistries are 381 released, and as additional metrics of performance are desired. We hope that this will 382 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 https://github.com/gregcaporaso/short-read-tax-assignment/blob/0.1.2/data/raw-data-392 urls.txt. All other data generated in this study, and all new software, is available in our 393
GitHub repository under the BSD license. Our GitHub repository can be found at: 394 https://github.com/gregcaporaso/short-read-tax-assignment. 395
Data Analysis
396
All analyses were performed using QIIME 1.9.0 on the QIIME 1.9.0 AWS Virtual Machine 397 Image (AMI: ami-ea2a7682) and the taxonomy classifier comparison workflow hosted on 398 GitHub: https://github.com/gregcaporaso/short-read-tax-assignment (tag: 0.1.2). Static 399 versions of all of our analysis notebooks, which contain all code and analysis results, can be 400 viewed at http://bit.ly/srta-012. All specific notebooks referenced below can be viewed via 401 this page. 402   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Mock communities
403
Mock communities analyzed in this study were generated by 10 separate sequencing runs 404 on the Illumina GAIIx (n = 2), HiSeq2000 (n = 5), and MiSeq (n = 4) (Supplementary Figure  405   1 ). These consisted of genomic DNA from known species isolates deliberately combined at 406 defined rRNA copy-number ratios (Supplementary Figure 1) . These sequencing runs were 407 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 with Picogreen reagent (Invitrogen), combined at equimolar ratios, and gel purified 426 (cutting out bands between 100-500 bp) using the Gel Gen Elute Gel Extraction kit (Sigma-427 Aldrich) prior to sequencing. 428 429 Raw Illumina fastq files were de-multiplexed, quality-filtered, and analyzed using QIIME (v. 430 1.6.0-dev)(6). Reads were truncated at any site of more than three sequential bases 431 receiving a Phred quality score < 20, and any read containing ambiguous base calls or 432 barcode/primer errors were discarded, as were reads with < 75% (of total read length) 433
consecutive high-quality base calls (14). Operational taxonomic units (OTUs) were assigned 434
using the QIIME open-reference OTU-picking pipeline with the UCLUST-ref (7) wrapper. 435
After prefiltering sequences with > 60% dissimilarity from its closest match in the 436 reference database (listed below), sequences were clustered into OTUs based on their 437 closest match in the reference collection with greater than 97% pairwise nucleotide 438 sequence identity (97% ID). Sequences which failed to hit a sequence in the reference 439 database at 97% ID we subsequently clustered de novo. The cluster centroid for each OTU 440 was chosen as the OTU representative sequence. 441
Simulated communities
442
The simulated communities used here were derived from the reference databases using the 443 "Simulated community analyses / Simulated community generation" notebook in our 444   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 10% of the sequences were extracted at random and the corresponding primers were used 446 to simulate amplification and slice out either the full region between those primers (B1 and 447 F1) or the first 100 bases downstream (3') of the forward primer (B2 and F2). The bacterial 448 primers used were 515F/806R (26), and the fungal primers used were BITSf/B58S3r (27). 449
The remaining 90% of the full-length database sequences were used as the "partial 450 reference" database, and all of the database sequences were used as the "full reference" BLAST(5) using e-value thresholds (e) for taxonomic assignment of e = 1e-9, 461 0.001, and 10000.0. 462
3.
SortMeRNA(8) with the following parameters: minimum consensus fraction 463 (f), similarity (s), best N alignments (b), coverage, and e value. See description below. 464   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 UCLUST (7) with the following parameters: minimum consensus fraction (f), 465 similarity (s), and maximum accepts (a). See description below. 466
Reference Databases
467
The bacterial and archaeal 16S rRNA reference sequence database for OTU picking and 468 taxonomy-classifier retraining was the Greengenes 13_8 16S rRNA gene database (17) 469 preclustered at 97% ID. 470
471
The fungal ITS reference sequence database for OTU picking and taxonomy-classifier 472 retraining was the UNITE+INSD database (9-24-12 release)(18) prefiltered at 97% ID, and 473 from which sequences with incomplete taxonomy strings and empty taxonomy annotations 474 (e.g., uncultured fungus) were removed, as described previously (27) . 475
Runtime analyses
476
Taxonomy classifier runtimes were logged while performing assignments of the same 477 random subset of 16S rRNA sequences, following the workflow described above. All 478 runtimes were computed on a single AWS instance to control for runtime variance across 479 cloud instances, and only one assignment process was run at a time during runtime 480 benchmarking. 481
482
The exact commands used for runtime analysis are presented in the "Runtime analyses" 483 notebook in the project repository. 484   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Thus, precision and recall represent the relative recovery of relevant observations and 505 expected observations, respectively. F-measure is the harmonic mean of both these scores, 506 providing a balanced metric for simultaneously considering each score as an overall 507 measure of accuracy. These three measures were used to evaluate the accurate recovery of 508 expected taxa in sequenced mock communities and simulated communities, without 509 regards to taxon abundance (i.e., qualitative). 510
Pearson and Spearman correlations are used for quantitative compositional analyses of 511 mock and simulated communities (15, 16). At a given taxonomic level, these compute the 512 correlation between the relative abundances of the taxa as predicted by the taxonomy 513 assigner, and the known community compositions. 514
Mock communities cannot be considered accurately assigned on the basis of detection of 515 expected species (i.e., qualitatively) alone. As defined collections of microbial species, 516 assignment accuracy must be judged both on recovery of expected taxa and on the 517 reconstruction of expected community composition. In other words, a good classification 518 method should identify the expected community members in their known abundances. We 519 compute this as the correlation between the relative abundances of observed taxa with 520 their expected abundances as added to the mock community. The ideal correlation (r = 1.0) 521 is highly unlikely under real-world conditions as, in addition to taxonomy 522 misclassifications, primer bias, contamination, PCR error, sequencing error, copy number 523 variation, and other procedural artifacts may all theoretically skew observations. 524 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (http://drive5.com/usearch/manual/utax_algo.html)) is available in QIIME 1.9.0 534 (assign_taxonomy.py and parallel_assign_taxonomy_uclust.py). Although UCLUST itself is 535 not open source or free, it is licensed for free use with QIIME. QIIME's uclust-based 536
taxonomy assigner is open source, though it makes calls to uclust (note: the version 537 implemented here is an older version than the current, closed-source USEARCH version). 538
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